The collisional loss of vibrational energy from gas-phase toluene, pumped by a pulsed KrF laser operating at 248 nm, has been observed by monitoring the time-resolved infrared fluorescence from the C-H stretch modes near 3.3 p,m. The fragmentation quantum yield of toluene pumped at 248 nm was determined experimentally to be -6%. Energy transfer data were obtained for 20 collider gases, including unexcited toluene, and analyzed by an improved inversion technique that converts the fluorescence intensity to the bulk average energy, from which is extracted «!:..E», the bulk average amount of energy transferred per collision. Comparisons are presented of these results with similar studies of benzene and azulene, and with the time-resolved ultraviolet absorption study of toluene carried out by Hippler et al. [J.
I. INTRODUCTION
The vibrational relaxation of highly excited molecules has a large influence on many chemical processes and it has been investigated by a variety of experimental and theoretical methods. Traditionally, energy transfer has been investigated in unimolecular reaction systems,1 but physical techniques, which can be used below the dissociation energy, have proved to be very useful in measurements of «!:..E», the bulk average amount of energy transferred per collision. Direct experimental results on «!:..E» are available for excited triatomic and large polyatomic molecules over a wide range of vibrational energy and temperature. Most of the studies have been carried out using time-resolved infrared fluorescence (IRF) or ultraviolet absorption (UVA). The IRF technique has been used to measure the collisional deactivation of azulene,2 1,1,2-trifluoroethane,3 benzene,4 and several ofits derivatives. s The UVA technique has been used to study energy transfer in several large polyatomic molecules,6.7 CF 3 I,8 and the triatomics S02 (Ref. 9) and CS 2 . 10 In addition, techniques based on photothermal processes have been employed for energy-transfer studies. 1 1-14 Techniques developed recently by Luther and co-workers l5 and by Weisman and co-workers l6 promise to provide information that is even more detailed.
The present work is part of a series of investigations of benzene derivatives, which are large molecules with high densities of states, but are small enough to provide practical tests of theoretical calculations. Theoretical descriptions of large-molecule energy transfer have lagged behind the experimental measurements, although some progress is being made. Several theoretical models have been developed for large molecule energy transfer, including models originally developed for small molecules and then extended to larger species. Some of these models, such as the SchwartzSlawsky-Herzfeld theory l7 as extended by Tanczosl 8 and corrected by Yardley, are discussed by Yardley. 19 Later, statistical models and statistical dynamical models were developed to explain experimental data on ( (!:..E ) ).1,20 Of special note are the impulsive ergodic collision theory, developed by Schranz and Nordholm,21 the model described by Sceats, 22 and the approach taken by Gilbere 3 and Lim and Gilbert,24 who have described the biased random-walk model, which has only been applied to monatomic colliders thus far. One avenue for theoretical development is the use of classical trajectory calculations, although they suffer from fundamental defects, as described elsewhere,25 and they depend on detailed potential-energy surfaces, which are largely unknown. Nonetheless, trajectory calculations carried out by Lim and Gilbert for azulene 26 and by Schatz and co-workers for CS 2 (Ref. 27) seem to be quite successful in describing major qualitative features of collisional energy transfer.
Toluene has been the subject of previous energy transfer studies. Hippler and co-workers 6 (a)-6(C) used the UV A technique to follow the collisional deactivation of highly excited toluene produced from the photoisomerization of cycloheptatriene. In that experiment the toluene molecules were prepared with 52 000 cm -I of vibrational excitation after irra-diation of the cycloheptatriene, which undergoes fast internal conversion and subsequent molecular isomerization to form the highly excited toluene. At this high energy the toluene molecule can further dissociate into benzyl radicals and H atoms (Eo = 30180 cm -I ), but this decomposition can be minimized by efficient competition of collisions. Hippler and co-workers carried out a very complete study, investigating the deactivation of the excited toluene by about 60 different collider gases. Their results will be discussed further and will be compared with the present work in Sec.
IV.
Luther and co-workers ls have developed a multiphoton ionization method (termed "kinetically controlled selective ionization:" KCS!) that promises to give detailed information about the time-dependent population distributions that occur during the vibrational deactivation oflarge molecules. Currently, the collisional deactivation of toluene produced by the photoisomerization of cycIoheptatriene is being investigated by this technique and only preliminary results have been published. ls By varying the delay time between the pump laser and the multiphoton ionization probe laser, the time evolution of the population distribution at selected energies can be monitored during the relaxation. An advantage of this technique is that the KCSI signal gives information about the higher moments of the population distribution, in addition to «I:1E > >. A disadvantage of the technique is that the accessible energy window is quite low ( < 10 000 cm -I ) and the photophysics of the multiphoton ionization must be characterized fully.
An important result of the KCSI experiments on toluene is that "supercollisions" make a contribution. IS Supercollisions are collisions in which an unusually large amount of energy is transferred. The existence of supercollisions was inferred by Oref and co-workers from experiments with cyclobutene excited by large molecule colliders,28 and the KCSI experiments indicate they are also present in the deactivation of toluene. Recent classical trajectory calculations provide supporting evidence. 29 The presence of supercollisions can strongly affect the time-dependent population distributions produced in collisional deactivation and they may also affect measurements of ( (I:1E ) ).
In the present work, the IRF technique is used to monitor the collisional deactivation of highly vibrationally excited toluene pumped with a KrF excimer laser at 248 nm. This study is part of a larger effort (which began with investigations of azulene and benzene) to compile an experimental database that will aid in understanding how different molecular properties affect the energy transfer process. An important aspect of this effort is to develop methods for the extraction of the energy-transfer parameters from the measured IRF decay, while minimizing systematic errors due to the analysis method. Moreover, careful attention is given to the evaluation of the statistical errors in order to facilitate valid comparisons with other experimental and theoretical studies. An added feature of the present work is the description of a simple, reasonably accurate method for estimating (I:1E) 
II. EXPERIMENT
The collisional relaxation of toluene was monitored with the IRF technique, which has been described elsewhere in detai1. 2 . 4 Basically, a KrF excimer laser (248 nm) irradiated the gas-phase species in a 30 cm long, 4.5 cm diam Pyrex cell. Laser-beam transmittance measurements carried out with a Scientech volume-absorbing calorimetric power meter gave an absorption cross section of (3.7 ± 0.2) X 10- 19 cm 2 (base e) at 248 nm for toluene, very similar to the value obtained previously for benzene. 4 The average laser fluence employed in the present measurements was -25 mJ cm -2, such that -0.5% of the molecules in the laser beam were excited. This laser fluence may be high enough to produce multiphoton ionization of a small fraction of the toluene, as in benzene,30 but no indications of this process were observed. The C-H stretch IRF emission near 3.3 J.lm was viewed through a quartz side window by a 3 mm diam InSb (77 K)photovoltaic detector (Infrared Associates) equipped with a matched preamplifier and an interference filter. The signals were further amplified with a Tektronix AM 502 ac-coupled amplifier and averaged with a LeCroy 9400 digital oscilloscope for -5000 pulses, in order to achieve good signal/noise ratios in each experiment. The signal was further analyzed after transfer to a Macintosh personal computer. The IRF signal time response was limited by the -5 J.ls rise time of the infrared detector/preamplifier, as described previously.4
Toluene (Aldrich) was degassed prior to use. Flowing conditions were employed for pure toluene decay measurements and pressures in the cell were varied from 10 to 50 mTorr (at pressures lower than 10 mTorr, diffusion of the excited species and deactivation on the cell walls may introduce complications). Collider gas experiments were performed under static bulb conditions in mixtures containing 10 mTorr of toluene ("parent" gas) and up to about 800 mTorr of the collider. The collider gases were all research grade and were used without further purification. The gas samples were introduced into the cell through a fine-control needle valve and pressures were monitored with a 0-1 Torr capacitance manometer (MKS Baratron model 227).
A small pressure decrease was observed while irradiating pure toluene (10-50 mTorr) under static bulb conditions, indicating the presence of photolytic reactions. Some polymeric deposition on the walls has been reported in the literature for higher pressure conditions; in our experiments (involving much lower pressure) a brown film developed on the windows at the sites of entry and exit of the laser beam. The possible formation of products was investigated in Ref. 31 , where it was concluded that the yield ofCH 4 and H2 or C 2 H 6 was negligible. The absence of bibenzyl in that study suggested that if benzyl radical were formed, the only significant reaction was the recombination to re-form toluene. In order to determine the possible effects of toluene photodecomposition in the static cell experiments [the threshold en-ergy to produce the benzyl radical and H atom is -30 180 cm -1 (Ref. 32) ], we used a modulated molecular-beam mass spectrometer to search for photoproducts, as described previously.4 The quantum yield for toluene loss was found to be 6 ± 2%, and the only gas-phase product detected was H 2 .
This result is consistent with the formation of benzyl radicals and hydrogen atoms, which can react to produce H2 and bibenzyl, which has too Iowa vapor pressure at room temperature to be detected in our experiments; this set of products can explain both the small pressure decrease observed and the film deposited on the windows.
The effect of the toluene photodecomposition on the IRF measurements is probably quite small, because the -10 000 cm -1 energy remaining after photodissociation must be partitioned between the hydrogen atom and the benzyl free radical. Benzyl is likely to emit IRF near 3.3 f.1.m and it may contribute to the observed signal. However, with ,;;; 10 000 cm -1 , the initial fluorescence intensity of each benzyl radical will be ,;;;6% of that of each excited toluene molecule, which contains -40000 cm -1 • This small relative intensity, coupled with the low quantum yield for benzyl radical formation, will produce very little contribution by excited benzyl to the observed IRF signals.
III. TOLUENE PHOTOPHYSICS
In the present experiments toluene was excited at 248 nm to the SI state, which, as described below, subsequently undergoes radiationless transitions to form highly vibrationally excited molecules in the ground state (So). As mentioned in the preceding section, about 6% of the toluene also is lost through photodissociation. A fundamental requirement of the IRF experiment is that the rate of internal conversion (IC) or intersystem crossing (ISC) to the ground state in the surviving molecules must be rapid compared to collisional deactivation and infrared fluorescence. Therefore it is important to know the rates of the radiation less processes and the amount of energy that is lost by fluorescence from the excited S 1 state.
In excited toluene, conversion to the electronic ground state apparently occurs, as in benzene, through two successive ISC steps CS 1 -+ T1-+S o ), and direct IC to the ground state is not important. 33 Much information is available about the spectroscopy and decay mechanisms of the first excited singlet states of aromatics, but less information is available concerning the low-lying triplets. Lifetimes of many Sileveis at energies near the origin are known,34 mostly determined by fluorescence lifetime measurements. Jacon et al. 35 studied the fluorescence decay times and quantum yields for isolated toluene molecules as a function of energy and wavelength. They found that the rate of nonradiative transitions from SI increases rapidly with energy: at 248 nm this rate is -3.3 X 10 7 s -1 and the fluorescence quantum yield is 0.09. Unfortunately, there are no direct measurements of the rate constant for SI-+ TI ISC at an energy corresponding to 248 nm, but the rate constant for ISC is 8.5 X 10 6 s -1 at 37 500 cm -1 ,33 and this value increases with the excitation energy; furthermore, it was found that IC can be neglected, because the quantum yields for fluorescence and for ISC account for 94% of the decay from the SI state. According to Burton and Noyes the same mechanism is likely operating at 40 300 cm -I (248 nm). Thus, in the present experiments, the SI-+ TI ISC is the dominant deactivation process of the SI state and its rate is probably -3 X 10 7 S -1 • There are three measurements under collision free conditions of the TI triplet lifetime of toluene, 33.36,37 and these studies at the same energy reveal some minor discrepancies. For example, at E(vib,T 1 ) = 9370 cm -I, Luther and coworkers reported a value of k T = 3.4 X 10 5 s -I, which is -30% lower than the extrapolated value from Dietz, Duncan, and Smalley;33 the latter measurement was reported to be twice as large as the value from Ref. 36. Notwithstanding these relatively small differences, a major concern of all these studies has been to explain the energy dependence of the radiationless decay rates. The TI -+So ISC in some aromatics, including benzene and toluene, exhibits a very strong increase in rate within the first 1000-2000 cm -1 followed by a much more gradual increase (almost no energy dependence), a region termed the "saturation range." In the present experiments (-11 500 cm -1 of vibrational energy in the triplet state), the triplet state decay rate is kT'Z 10 6 S -1 .36
Thus, we conclude that -90% of the toluene molecules that do not decompose are found in highly vibrationally excited states of So after -1 f.1.s, or less; the remaining -10% are lost from view due to electronic fluorescence and do not participate in IRF emission.
IV. RESULTS AND DISCUSSION

A. Inversion of IRF data to obtain ( (E) )inv and ( (AE) )inv
A typical fluorescence decay curve obtained for pure toluene at 20 mTorr is shown in Fig. 1 ; the decay curves for other collider gases were similar, but had lower signal/noise (SIN) ratios and the decays occurred on different time scales. Due to the limited time response ofthe infrared detector, the intensity at t = 0 was not observed directly, but was obtained by back-extrapolation of a function fitted to the data obtained after 7 f.1.s. As in previous experimental work,2.4 these IRF decay curves, although approximately exponential, are better fitted to nonexponential empirical functions using nonlinear least squares. The Marquardt non- linear least-squares algorithm 38 was used to obtain numerical fits to the following empirical function: (1) where kl and b l are fitted parameters which depend on colIider gas pressures (see below). This expression was used to obtain a smooth empirical fit to the experimental data and to extrapolate the intensity to t = O.
In order to relate the observed IRF signal to the vibrational energy content of the excited toluene, the following theoretical expression 2 ,4 (originally from Durana and McDonald 3Q ) was used:
Here, N ox is the number of vibrationally excited molecules, A :.0 is the Einstein coefficient for spontaneous emission for the 0 ..... 1 transition of mode i, Vi is its quantum number, hVi is the energy of the emitted photon, and Ps (E) and -vihv i ) are, respectively, the density of states for all s oscillators at energy E and that for the s -1 modes, omitting the emitting mode and the energy contained in it. The summations are carried out for all vibrational modes that emit in the wavelength range observed and for all vibrational levels of each mode permitted by conservation of energy.
Because the vibrational frequencies of the C-H stretching modes are found in a narrow range of energy (3000 ± 60 cm -I ) and the absolute intensity is not used in the data analysis, the number of excited molecules, the photon energies, and the Einstein coefficients can be combined in an undetermined constant term, and a relative intensity, I' (E), can be defined, which only involves densities of states and which is directly proportional to the average energy residing in the C-H stretch modes,
A vibrational assignment 40 for toluene was used to obtain the densities of states, which were evaluated using the Stein and Rabinovitch implementation 41 of the Beyer-Swinehart algorithm42 for exact counts of states, as modified by Astholz, Troe, and Wieters 43 for free rotors. To convert the observed intensity decays to energy decays, knowledge of the initial energy is exploited to scale the experimental data so that the initial intensity corresponds to that calculated according to Eq. (2b): I'(t = 0) = 0.177. The initial energy is taken to be the sum of the photon energy (~40 300cm -1 ) and the average thermal energy of toluene at 300 K ( ~ 700 cm -1 ). The scaled experimental intensity data, or its least-squares fit, can then be "inverted" to give the corresponding energy. To facilitate this process, values of I'(E) were calculated for the energy range from 5000 to 4S 000 cm -I and the results least-squares fitted to give the following expression:
In E = 11.9241 + 0.897 03 In I' + 0.093 16(1n 1')2 + 0.006 396(ln [')3 + 0.000 226(ln I')\ (3) where 5000 cm -I,;;;.E <45000 cm -I.
To obtain the energy transfer parameters, the experimental intensity decays must be converted to energy decays and subsequently differentiated to obtain «AE», the average energy-transfer step size,
Here, the double angular brackets 44 denote bulk averages of vibrational energy and energy-transfer step sizes, k u is the Lennard-Jones collision rate constant, N is the number density ofcollider, and Z( = kuNt) is the number of collisions.
It is important to note that the product ku «AE» appears in Eq. (4), and not the individual terms; the separation of this product into separate terms is arbitrary and is done for historical reasons and for convenience. In comparisons with other work, it may be necessary to adjust the values for ( < AE » to compensate for different choices of k u. In the present work, values of k u were determined in the same manner and with the same Lennard-Jones parameters as in Ref. 6(b) in order that direct comparisons can be made easily; the numerical values are collected in Table I .
Note that the population distributions evolve with time and thus both «E» and «AE» are time dependent. Since both «E(t») and «AE(t») are determined for the same instant oftime from the experimental data, «AE» can be expressed as a function of «E». To emphasize that the bulk average energies and step sizes were obtained from experimental data according to the inversion methods described in this section, the subscript "inv" is added: «E» inv and «AE »iny, For experiments involving collider gases it is necessary to account for the effects of self-collisions (toluene*-toluene), in addition to collisions of excited toluene with the collider gas. In the present work two different approaches were evaluated: methods A and B. Method A was used previously to extract energy-transfer parameters in experiments with benzene, where a full description of the method is presented. 4 Basically, method A is as follows: (a) each experimental decay curve is normalized according to laser pulse energy and absorber number density and the intensities were normalized so that the average intensity of all runs at t = 0 was equal to 0.177 (see above), but individual runs may differ; (b) it is assumed that the decay rate of the IRF signal is due to the linear combination of parent and collider contributions, i.e., a linear sum rule (LSR) is assumed for the parameters in Eq. ( 1) Fig. 2 . One of the limitations of method A is apparent in the figure: the estimated uncertainty in «E) )inv is much larger than expected at high energy, which corresponds to times early in the decay, when the energy is known best: at t = 0, there should be no uncertainty in «E» inv' This overestimate of the uncertainty is due to the assumption that all sources of errol' reside in the IRF decay, even though significant errors are associated with laser power measurements and pressure measurements.
A second very important limitation of method A is that the assumed LSR may not be valid. A new approach, method B, has been developed in order to eliminate that assumption and to provide better estimates of uncertainty. In method B, the validity of LSR is not assumed and the total decay of the IRF signal is considered. The procedure is as follows: (a) every experimental decay curve is normalized individually so that its extrapolated intensity at t = 0 is 10 = 0.177 (see above); (b) the least-squares fit of ( (1(t) » vs time is inverted through use of Eqs. (3) and (4) to obtain «I:::..E »inv and «E »inv for the gas mixture; (c) for selected values of «E) )inv (typically each 1000 cm -1) curves are constructed of «I:::..E »inv vs Fe' the fraction of collisions that occur with the coIIider gas: (5) where k ~J is the collision rate constant corresponding to collisions of excited toluene with collider gas (i = c), or parent (i = p). The next step is (d) to extrapolate to ( (I::: ..E ) ) inv at each energy to Fe = 1.0 to obtain «I:::..E) )inv for collider, uncontaminated by the effects of parent-parent gas collisions; (e) propagation of errors is carried out to estimate the uncertainties in «E »inv and «I:::..E »inv' Note that instead of collision fraction, ordinary mole fraction could have been used for the extrapolation to pure collider, but plots of «AE» inv VS collision fraction are more nearly linear. Figure 3 shows ( (AE ) ) inv as a function of Fe at selected average vibrational energies for the toluene*-SF 6 system using method B. Extrapolation to Fe = 1 gives «AE) )inv for toluene*-SF 6 collisions. This method is advantageous in that the contributions of toluene*-toluene collisions need not be artificially subtracted from the energy decay (as in method A, using the linear sum rule). Although Fig. 3 does not show large deviations from the LSR for this particular case, such deviations have been found to be significant for other collider gases. 5 The arrows at Fe = 1 in Fig. 3 show the values of ( (AE ) ) inv for toluene*-SF 6 collisions determined using method A. Figure 2 compares the two methods over a wide range of average energies, showing general agreement in < (AE) )inv at all energies, but distinct differences in the detailed shapes. The downward trend in < (AE) )inv at high < (E) ) inv shown in Fig. 2 is consistently observed when method A is used but is not present with method B. Although this difference is small and may not be significant, the fact that fewer assumptions are needed in method B leads us to prefer this approach. In addition, the uncertainties in ( (E ) ) inv determined by error propagation in method Bare much closer to our expectations, especially at high energies (which correspond to early times in the collisional cascade when the uncertainties should be small).
The earliest portion of the experimental IRF decay curves is dominated by the limited time response of the infrared detector. For pure toluene, tests were performed in which data prior to 4-10 /is were neglected in the leastsquares curve fitting in order to determine how much of the data must be omitted in order to avoid contamination due to the slow detector rise time (because of the relatively low SIN ratio in these experiments, it was not possible to numerically deconvolute the effect of the detector rise time). It was found that after 5-6 /is, all the least-squares fits produced very similar values of the fitted parameters. All of the results reported here were obtained with data starting at t = 7 /is. The effect of the omitted data is minimized at low pressures, where the IRF decay is slow, but the effect becomes more significant at higher pressures. By combining results ob- tained at pressures ranging from low to high pressures, the effect is minimized, although it still plays a role at high energy. For this reason, data above 35 000 cm -1 are not shown in most figures, even though the initial excitation energy was Table I , values of «I1E) )inv are presented at ( (E ) ) inv = 24 000 cm -1; this energy was selected in order to allow direct comparisons with the tabulated data for azulene. 2
(e) For all collider gases investigated in this study, ( (I1E ) ) inv is nearly linearly dependent on «E» inv at low energies, and, for most collider gases, «I1E »inv shows a tendency toward weaker energy dependence at energies above about 25 000 cm -1 • This behavior is most apparent for the larger colliders.
The rare gases (Fig. 5) exhibit a monotonic trend toward higher «I1E) )inv values with increasing mass, similar to azulene,2(e) but unlike benzene. 4 The reason for this behavior is not clear, but it may be related to the magnitude of the lowest-frequency internal modes in azulene and toluene, compared to benzene. It was argued previously4 that helium is anomalously efficient in deactivating benzene due to the relative "impulsiveness" of its collisions in deactivating the lowest-frequency mode. In toluene and azulene, the lowestfrequency modes are much lower in energy than in benzene and perhaps the impulsiveness of the collision is less important.
A similar argument may apply to the relative efficiencies of hydrogen and deuterium, where the rotational velocities of these two diatomics may be important factors. ' n-yOTOCllr\)Om .. tion, it was suggested that the higher rotational velocity in H2 favored energy transfer from the lowest-frequency modes of the excited benzene (or azulene).4 In toluene, the lowestfrequency mode is the internal rotation and it is possible that its effective frequency is so low that the higher rotational velocity of H2 provides no energy-transfer advantage over D 2 , producing nearly equal «AE» iny values for the two colliders. Similar arguments may apply to deactivation by H 2 0 and DzO, which show only a small isotope effect.
Excited toluene, azulene, 2 and benzene 4 are all deactivated more efficiently by NH3 than by nonpolar colliders with similar properties, such as CH 4 • This effect may be due partly to an underestimate of the collision frequency, but it may also be a direct consequence of the presence of the permanent dipole moment. The permanent dipole in the collider can provide a coupling pathway that is not available to nonpolar gases. Specifically, the oscillating dipolar fields associated with the vibrational modes of the highly excited polyatomic may couple with the permanent dipole of the collider gas, opening a route for vibration-rotation energy transfer. This conjecture might be tested directly by using appropriate classical trajectory calculations.
Further speculations about the origins of the trends observed here must await development of better theoretical models. More than 20 years ago, Rabinovitch and coworkers 45 found the same qualitative trend in collider efficiency that is observed here, and it is still not explained satisfactorily.1
For master-equation calculations, weak-collider unimolecular reaction calculations, and other numerical simulations of chemical systems where energy transfer plays a role, it is often most convenient to use energy-transfer data in the form of (AE(E» d, the micro canonical average energy lost in deactivation collisions as a function of the energy E. Since the IRF and UV A techniques give results in terms of bulk averages over both up and down steps and over a population energy distribution, further analysis is needed to extract (AE) d' In addition to (AE) d, numerical simulations also require the functional form of the collision step-size distribution function P(E',E), which describes the probability that a molecule with initial energy E will have energy E' following a single collision. Because the functional form of P(E',E) is not known, various assumed and calculated forms have been adopted 1.20 in numerical calculations and it has been found 1,20 that the exact functional form of P( E ',E) is not very important in many applications.
In the past, (AE) d has been obtained from
..E » iny vs «E» iny data through laborious masterequation simulations of experiments, while utilizing assumed functional forms for peE' ,E). 2(a) In this section, we describe an efficient method for obtaining estimates of
..E»iny vs «E»iny data sets, eliminating the need for the time-consuming master-equation simulations.
The exponential model for P(E',E) is well known and has been used extensively, 1,20 primarily because of its mathematical simplicity. An approximate relationship between (I::..E) d and (I::..E) (average over up and down steps) was derived previously, based on detailed balance between up and down steps and the exponential model for down steps.2(C) The exponential model for down steps is given by O..:;,E'..:;,E, (6) where a is a parameter. For the exponential model, (I::..E) d is given by
Note that when a is much smaller than E, (I::..E) d :::;a. The approximate relationship between (I::..E) and a derived earlier 2 (c) is
The factor B = d [In(p(E) )]ldE is based on the WhittenRabinovitch approximation for the density of rovibrational states;46.4 7 for toluene, which contains an internal rotor in addition to vibrations,
where s is the number of vibrations, r is the number of rotations, E z is the zero-point energy, and aCe) is the WhittenRabinovitch parameter. Equation (8) cept at energies less than a few times a. Although a may be energy dependent, the dependence on energy is found experimentally to be weak and it does not significantly affect the equations above, where energy dependence was not considered. To obtain (I::..E(E»d from «I::..E»inv vs «E»inv data sets, we first neglect the effect of the bulk population distribution and assume E:::; ( (E ) ) inv and then identify (I::..E) with «I::..E»inv' The estimated (I::..E(E»d is obtained by assuming it is given by a power series with coefficients that are adjusted by nonlinear least squares to give agreement between (I::..E) calculated from the above equations and the experimental «I::..E) )inv values.
In the present work, excellent fits to the experimental data were obtained using (I::
use of a higher-order polynomial did not produce better least-squares fits to the data. The nonlinear least-squares fitting was carried out using the KaleidaGraph (version 2.1, Synergy Software and Abelbeck Software) computer software, which apparently uses the Marquardt algorithm, on a Macintosh computer (Apple Computer, Inc.). The fitted Fig. II along with those obtained experimentally. The figure shows the agreement between simulations and experiments to be very good, although slightly better agreement might be obtained by further refinement of the parameters through masterequation simulations. Further refinements are not justified at this time, because the actual functional form of P(E' ,E) is not yet known and it is not likely to be a simple exponential. However, it is noteworthy that (IlE(E) > for every collider gas in Table I has a tendency to roll off at higher energy. This effect is not unexpected and is reflected in the plots of «dE»inv vs «E»inv'
V_ COMPARISON WITH OTHER RESULTS
A. IRF experiments
Previous IRF experiments on gas-phase azulene 2 and benzene 4 also show a near-linear dependence of «dE> )inv on ( (E ) ) onv for all colliders at low energies, and in the case of benzene (analyzed by method A) a consistently weaker dependence at energies above 25 000 cm -I . Figure 12 shows a comparison of «dE» inv values for azulene, benzene, and toluene colliding with various bath gases at «E »illv = 24000 cm -I. The «IlE »inv values for toluene are intermediate between azulene and benzene, but closer in value to azulene.
B. Ultraviolet absorption experiments
Collisional deactivation of toluene with an initial vibrational excitation energy of 52 000 cm -I has been studied using the time-resolved ultraviolet-absorption (UVA) technique. 6 (a).6(b) This method relies on an empirical calibration curve relating the measured molecular absorption coefficient (A. = 223 nm) to the internal energy of the excited toluene. The empirical calibration curve was obtained by measuring the temperature-dependent absorption coefficient of shock-heated toluene and then assuming the thermal average absorption coefficient corresponding to an average thermal energy in the shock-heated system also corresponds to the bulk-average energy in the laser-excited energy transfer experiments. This assumption was tested with numerical simulations and with comparisons to absorption coefficients measured using laser excitation at selected wavelengths. The resulting calibration curve at 223 nm is a nearly linear function of average energy up to energies> 52 000 cm -I .
For the purposes of inverting the UV A experimental data to obtain energy decay curves, the nonlinearity of the calibration curve was neglected,6(b),6(C) although it is quite distinct [see the figures in Ref. 6 (b) ]. This analysis gave ( (AE ) ) inv values nearly independent of the internal energy from.;; 10 000 to 50 000 cm -1 for a large number of collider gases. Figures 13 and 14 show comparisons of the magnitudes and energy dependences of the ( (IlE > > inv values determined in the present work and those given in Ref. 6(b) for several collider gases. The differences in energy dependence determined by the two experimental methods may arise from experimental errors, or from the neglect of the nonlinearity in the UV A empirical calibration curve. The neglect of the nonlinearity may significantly affect the derived energy dependence of ( (dE) ) inv' but the average values will be less affected. Inspection of Figs. 13 and 14 shows that the energy dependence of «dE) )inv is consistently stronger in the present IRF work than in the UV A experiments, but the magnitudes of ( (dE) ) inv for all the collider gases are very similar at a vibrational energy of 24 000 cm -1 (which coincidentally falls near the intersection of the curves in Fig. 14) . Thus agreement between the present results and the UV A experiments is very good despite the difference in energy dependence, which may be explained by the neglect of the nonlinearity in the UV A empirical calibration curve.
C. p(E,E) and "supercollisions"
In recent experiments, Luther and co-workers have used the KCSI pump-probe technique to monitor the collisional energy cascade of excited toluene (initially produced at 52 000 cm -1 ) as it reaches an energy window at relatively low energy. IS The KCSI experiments complement the present work, because the present work is sensitive to ( (dE) ) inv at energies well above the bottom of the energy cascade, while the KSCI experiments monitor populations at low en- ergies, where most of the cascade has already occurred. Essentially, the KCSI technique measures a quantity related to the arrival time distribution, and thus it is possible to deduce not only the average arrival time, but also the width of the population energy distribution. When a full description of the KCSI results are available, they can be used along with the present results to obtain estimates of the functional form of the collision step-size distribution: P(E',E). In modeling the KCSI results, Luther and co-workers assumed the following step-size distribution (not normalized) for down steps:15
where a I (E) and a 2 (E) are parameters for the exponential model and fc ranges from 0 to L To fit the KCSI results, a 2 (E) was assumed by Luther and co-workers to correspond to large supercollisions. As mentioned in the Introduction, the existence of such supercollisions has been indicated in the earlier experiments of Oref and co-workers 28 and in recent calculations. 29 To determine whether the IRF results can accommodate a contribution from supercollisions, master-equation calculations were carried out for toluene and argon collider gases in the present work. In each case, it was assumed that a2(E) = 40 000 em -I and al(E) was equal to (6.E(E»d' as tabulated in Table I for the appropriate collider gas. The fractionfc was varied to determine the effect on the simulated IRF emission intensity decay and on the resulting plots of calculated «6.E» inv vs «E» inv' Calculated and experimental results for toluene and for argon collider gases are compared in Fig. 15 , where it is apparent that fc (toluene) = 10 -3 andfc (argon) = 10 -S are not seriously inconsistent with the experimental data, but larger values offc produce significant discrepancies, for this choice of a2' These values offc are not inconsistent with the results from the KCSI experiments. It is highly desirable to combine results from the two types of experiments to obtain better representations of P(E',E). A unified treatment of the KCSI and the present experiments should be possible when the full description of the KCSI results is published.
VI. CONCLUSIONS
An important motivation for the present experiments is to establish a database of high-quality experimental results for comparisons with theoretical calculations, when they become available. The benzene derivatives were chosen for several reasons: because they are relatively small "large molecules" and therefore are tractable for theoretical calculations of large-molecule dynamics; because some information is available about their photophysical properties; and because the influence of various molecular properties can be investigated by choosing suitable derivatives. A wide variety of behavior is observed for < < IlE ) ) inv' but there is little theoretical basis for its interpretation. Differences among gases are observed which cannot be explained simply and one can only speculate about the causes involved. At present, no theoretical models are available which can provide a quantitative description of energy transfer from vibrationally highly excited large molecules, although several models can give qualitative agreement, or can be adjusted to fit the data. Trajectory calculations appear promising for modeling energy transfer involving large molecules, because the many molecular properties which may contribute effects can all be included in a single calculation. Unfortunately, accurate potential surfaces are lacking and classical statistics differ from quantum statistics in an important way,25 leading to a fundamental problem in relating classical trajectory calculations to real experimental data.
To make progress toward a complete understanding of large-molecule energy transfer, experimental systems must be selected to investigate specific aspects of energy transfer. Results of an investigation of isotope effects in large-molecule energy transfer will be reported,5 in which it is shown that resonance effects play no significant role in determining «IlE» values. Also, investigations soon will be reported of energy transfer between some benzene derivatives and CO 2 in which infrared fluorescence 48 and tunable diode laser spectroscopy30 are used to monitor V -V energy transfer; the aim is to determine the importance of V -V energy transfer in these systems and the results can be interpreted 48 to indicate that resonance effects may playa role in governing the extent of V-V energy transfer for some systems, but V-V energy transfer makes only a minor contribution to the total «IlE».
The data in Table I and in the figures show the same general trend with molecular size and complexity found in unimolecular reaction systems and in other physical measurements of energy transfer. Discussions and rationalizations of the observed trends are not repeated here, because they can be found in previous publications by many workers. I Due to the lack of data concerning the step-size distribution function and the lack of suitable theoretical models, further analysis is premature and probably uninformative at this time. One of the highest priorities in studies of large-molecule energy transfer must be to elucidate the mechanisms active in large-molecule energy transfer, so that predictive theoretical models can be developed.
